The strong decay amplitudes and radiative partial widths of orbital and radially excited states of 
I. INTRODUCTION
In 2007 the DO collaborations [1] announced the discoveries of bottom mesons B 1 (5721) and B * 2 (5747). This was followed with sightings of the B s1 (5830) and B * s2 (5840) states at LHCb [2] in 2013. More recently CDF [3] and LHCb [4] have found evidence for excited bottom mesons, B J (5970) and B J (5940). These recent discoveries of bottom and bottom-strange mesons motivate model computations in these sectors. The immediate goal is to assist in identifying these states, while a longer term goal is to determine the limits of potential models as useful descriptions of low lying hadrons. To this end we construct a reasonably "standard" nonrelativistic potential quark model and fit its parameters to the known B and B s mesons. The philosophy underpinning this type of modelling is the adiabatic separation of "slow" constituent quark degrees of freedom from "fast" gluonic degrees of freedom [5] [6] [7] [8] .
The spectrum and wavefunctions that emerge from this computation are used to compute E1 and M1 radiative transitions. Finally, the " 3 P 0 " model of strong decays, wherein it is assumed that quark-antiquark pairs are created with vacuum quantum numbers, is used to compute open flavour decays of a collection of low lying B and B s states.
The organization of the paper is as follows. First, we describe the potential model used to calculate the mass spectrum of the bottom and bottom-strange mesons. Mixed states are discussed in Sec. II A along with conventions used in the literature. In Sec. III, we review the 3 P 0 decay model evaluation of strong decay amplitudes using simple harmonic oscillator (SHO) wave functions. E1 and M1 radiative transitions are calculated in Sec. IV.
The results of these computations are compared with available experimental data in Sec. V, while our conclusions are given in Sec. VI.
II. CONSTITUENT QUARK MODEL FOR B AND B s STATES
The chief assumptions underpinning our model are nonrelativistic kinematics, a "Coulomb+linear" central potential, and spin-dependent corrections generated from vector gluon exchange and an effective scalar confinement interaction. While it is relatively simple to incorporate relativistic kinematics for the quarks, these effects can be largely subsumed into the constituent quark mass, and in fact, there is evidence that this is a preferred approach [9, 10] .
The potential used in this paper is given by 
Here α s is the strong coupling constant, b is the string tension, and T is the tensor operator
with diagonal matrix elements given by
The parameters used in this potential for B and B s mesons are taken to be σ = 0.84 GeV , 
The radial Schrödinger equation was solved with the shooting method [6] ; results for the B and B s spectrum are reported in Table I . Heavy-light mesons are not charge conjugation eigenstates and so mixing can occur between states with J = L and S = 0, 1. For example, the two J P = 1 + states are a mixture of n 1 P 1 and n 3 P 1 states. Thus
where φ 1P is the mixing angle. For D-waves mixing occurs between 3 D 2 and 1 D 2 states, with a mixing angle denoted as φ nD for principal quantum number n. In the heavy quark limit m Q → ∞ the mixing angles become [13] 
This implies φ 1P = φ 2P = 35.3
• and φ 1D = φ 2D = 39.2
• . We have confirmed that these angles are close to those produced by our potential model and hence use them in the subsequent work.
III. STRONG DECAY MODEL
Strong decays will be computed using the 3 P 0 model for quark-antiquark pair production. This model dates back to Micu in 1969 [14] ; it assumes that quark and antiquarks are produced with vacuum quantum numbers with a strength that is determined by experiment. The model was developed extensively by Le Yaouanc and collaborators [15] [16] [17] and applied successfully to many meson decays. The 3 P 0 model has also been used to describe baryon decays [16, [18] [19] [20] [21] and for diquonia decays to baryon plus antibaryon [22] . Older studies of strong decays considered an alternative phenomenological model in which quarkantiquark pairs are produced with 3 S 1 quantum numbers [23, 24] ; however, this possibility is disfavoured by measured ratios of partial wave amplitudes [25] .
A comprehensive study of light meson strong decays in the 3 P 0 model was made by Barnes et al. in Ref. [26] . Simple harmonic oscillator (SHO) meson wave functions were used in this work. The same assumptions were used for strong decays in the ns, ss, cc, cn, bn, bs (n = u or d) sectors [27] [28] [29] [30] . We adopt the same approach here, but fit the SHO wavefunction parameter (denoted β in the following) to the wavefunctions obtained above.
The dependence of typical strong decays on the choice of the SHO parameter β for the B meson is illustrated in Fig. 1 , which indicates sensitivities of dΓ/dβ ≈ 0.5 or less.
In Refs. [28, 30] the β parameter was obtained by equating the root mean square (RMS) radius of a harmonic oscillator wavefunction to the RMS radius of the analogous quark Table II . Both methods assume that a typical momentum dominates the decay amplitude with one optimises to the state RMS radius and the other to a global fit to the wavefunction. With the wavefunctions specified, we now move on to the decay model definition. The interaction Hamiltonian for the 3 P 0 model is obtained from the nonrelativistic limit of
where γ is a coupling to be determined. The connection with quark-antiquark production can be seen through the familiar second quantized form of the Dirac quark field ψ
In the notation of Eq. (7), quark-antiquark production in an open flavour strong meson decay
. The pair production strength γ is a dimensionless constant and is determined to be approximately γ = 0.35 in a fit to the known cc states above open-charm threshold [28] .
In this paper, we use a modified version of the pair creation strength that replaces γ with
where m is the mass of the produced quark [31] [32] [33] . This mechanism suppresses those diagrams in which a heavypair is created [33] and is equivalent to fixing the prefactor in Eq. 6 to be 2m u/d .
To calculate the decay rate of process A → B + C, we evaluate the matrix element BC|H I |A by using quark modelstates for the initial and final mesons of the form
is a matrix given by
A sum over repeated indices is understood in Eq. The matrix element for each diagram factorises according to
The first factor is, in the notation of Ref. [34] ,
which evaluates to
The decay vertex is unity in flavour space, hence the flavour factor I f lavour is simply an isospin overlap matrix element. For a decay process having several charge channels (for example B + → π + B 0 and B + → π 0 B + ) the sum over all the charge channels is performed.
This is summarised as a multiplicative flavour factor F . The flavour factor I f lavour (d 1 ) for each process discussed in this paper is zero. For all the processes discussed in this work,
and F are reported in Table III . Substituting Eqs. (6) (7) (8) in BC|H I |A , we get the (remaining) spin and space factor of the
The matrix element s|u(k, s)v(−k, s)|s is 1 mq s| − → σ |s · k in the nonrelativistic limit. Here s| − → σ |s is a spin matrix element which can be calculated by using Eqs. B14-B16 of Ref. [34] .
Performing the integrations gives three expressions of the same form in terms of the spherical components of B. Rather than calculating each, we compute one of them and use the Wigner-Eckart theorem to find the others.
Setting k = k z , A = 0, and C = −B gives
The three-dimensional SHO wavefunctions appearing in this expression have the form [26, 34] 
where β is the SHO parameter, N nlm is a normalization constant, and L l+1/2 n is the associated Legendre polynomial.
Finally, the 3 P 0 amplitude can be combined with relativistic phase space to express the decay width for (A → B + C) in the form [34] Γ A→BC = 2π
where P = |B| = |C|, M A is the mass of the initial meson, and E B and E C are the energies of the final mesons B and C respectively. Where available, we use experimental masses [35] ;
otherwise we employ the theoretical masses of Table I .
The partial wave amplitudes referred to in Eq. 15 are given by
and M is the decay amplitude of Eq. 9.
IV. RADIATIVE TRANSITIONS OF B AND B s MESONS A. E1 Radiative Transitions
E1 radiative transition partial widths are computed with the following expression
where
Here Q and Q are the charges of the quark and anti-quark in units of |e|, m q and m q are the masses of the quark and anti-quark, α is the fine structure constant, ω is the final photon energy, M i is mass of the initial meson, and E f is the energy of the final state. Finally, the angular matrix element C f i is given by
This is the result of Ref. [36] except for our inclusion of the relativistic phase space factor
over the quark model wavefunctions obtained above.
Wavefunction shifts due to perturbative spin-dependent interactions were neglected in this computation, as with Refs. [28, 29] . Results for E1 radiative transitions for B and B s mesons are given in Tables IV-XX.
B. M1 Radiative Transitions
The M1 radiative partial widths are evaluated using the following expression [30] 
where ω is the final photon energy and j 0 (x) is a spherical Bessel function. The definitions of the other parameters are same as in the E1 radiative transitions. We quote results for M1 radiative transitions for B and B s mesons in Tables IV-XX.
V. RESULTS AND DISCUSSION

A. B Mesons
Radiative decay rates, strong decay amplitudes, and partial widths for the 1P, 1D, 1F, 2S, 2P, 2D, and 3S B mesons are given in Tables IV-XIII . In these tables c = cos φ 1P or cos φ 2P , s = sin φ 1P or sin φ 2P , c 1 = cos φ 1D or cos φ 2D , and s 1 = sin φ 1D or sin φ 2D . In the following we will use these results and those of Table I to interpret the recently discovered
In 2016, the LHCb collaboration observed charged and neutral B states, denoted as B 1 (5721) [37] . The spin-parity of these states was determined to be J P = 1 + while their masses are
The measured decay widths are The LHCb collaboration also observed spin partners of the B 1 (5721), dubbed B * 2 (5747) [37] . This state has J P = 2 + and was observed in two charge modes with masses The measured properties of this state agree very well with the predicted mass and width of the 1 3 P 2 state (5767 MeV and 20.4 MeV, respectively). In addition, we obtain the ratio
which is also in good agreement with the experimental measurement [37] : Two "structures" labelled B J (5970) and B J (5840) have been reported by CDF [3] and LHCb [4] . Averaging the charge modes yields masses and widths of
and'
M(B J (5970)) = 5968 ± 7 Mev Γ(B J (5970)) = 72 ± 23 MeV.
The spin and parity of these states is unknown; however, the LHCb collaboration has suggested that the B J signals be identified with the 2 1 S 0 and 2 3 S 1 quark model bottom states.
The measured masses and widths are difficult to fit with quark models. For example, the Strong decay amplitudes, radiative transitions, and partial widths for the 1P, 1D, 1F, 2S, 2P, and 2D B s mesons are given in Tables XVI-XX. In these tables c = cos φ 1P or cos φ 2P , s = sin φ 1P or sin φ 2P , c 1 = cos φ 1D or cos φ 2D , s 1 = sin φ 1D or sin φ 2D . These results are used to interpret the observed mesons B s1 (5830) and B * s2 (5840).
B s1 (5830)
The CDF collaboration observed a bottom-strange state, called the B s1 (5830), with J P = 1 + and mass [3] :
The width of this state was determined to be
Evidently this state is one of the 1P 1 doublet mesons, which have predicted masses near 5800 MeV. These masses are just above BK threshold and therefore small widths are predicted for the narrow 1P 1 and (nominally) wide 1P The CDF collaboration has also reported the B * s2 (5840) [3] . This is a J These values compare favourably with the predicted mass m Bs (1 3 P 2 ) = 5821.53 MeV and width Γ Bs (1 3 P 2 ) = 1.9 MeV. In addition, we also obtain the ratio 
VI. CONCLUSIONS
We have computed the spectrum of B and B s mesons up to 2F states with a nonrelativistic quark model that incorporates "scalar" confinement and one gluon exchange spin-dependent interactions. The eigenfunctions were then used to obtain E1 and M1 radiative transitions using the nonrelativistic reduction of the transition amplitude in impulse approximation.
Strong decay amplitudes have also been obtained using the At present, excited states of the B and B s mesons beyond P-wave have not been identified. We nevertheless expect that the LHCb collaboration will play a very important role in the study of excited states of the B and B s meson families. The spectrum, radiative transitions, and strong decay widths presented here should prove helpful in the search for, 
